Within infected eukaryotic cells the two pathogenic Listeria species, L. monocytogenes and L. ivanovii, induce polymerization of cellular actin and the formation of a propulsive actin tail at one bacterial pole. For L. monocytogenes it has been shown that the product of the listerial actA gene is required for this process which is regarded as a model for actin-based motility. We have now cloned and sequenced a functionally analogous gene from L. iuanouii; its product, as deduced from the DNA sequence, is considerably larger (108 kDa) than L. monocytogenes ActA (67 kDa) and shares only a limited amino acid sequence homology (46% similarity on average) with the latter protein. This is the first example of a virulence gene product from L. ivanouii which is significantly different from its L. monocytogenes counterpart. Comparison of the two ActA proteins gives new insight into the structure of this class of actin-polymerization proteins, in particular with respect to their proline-rich repeat region,
Introduction
The bacterial genus Listeria comprises six species, two of which are facultative intracellular pathogens. L. monocytogenes is the major cause of food-borne listeriosis both in man (predominantly affecting neonates, pregnant and immunocompromised individuals) and animals [1, 2] , whereas L. iuanouii [3] almost exclusively infects animals (sheep and cattle), with a few cases of human infection having been reported for AIDS patients [4] .
Six of the genes associated with virulence in L. monocytogenes have been found clustered on the chromosome (reviewed in [5] ), among them the actA gene. For L. monocytogenes it has been shown that the product of this gene is required for a very interesting process of bacteria-host cell interaction.
Upon infection of eukaryotic host cells, Listeria
induces the formation of actin microfilaments which are attached to one bacterial pole and are required for intracellular as well as for intercellular migration of the bacteria [6- genes with high homology to constituents of the L. monocytogenes virulence gene cluster have been cloned and sequenced so far. The chromosomal organization of these three genes was found to be identical to that of L. monocytogenes [9, 10] . Recently it has been shown that also DNA sequences with homology to the mpl (metalloprotease), plcB (lecithinase) and actA genes of L. monocytogenes are present in L. iuanovii 1111. Furthermore, it has previously been demonstrated that this listerial species also induces actin-tail formation in infected Caco-2 cells, albeit with a reduced efficiency when compared to L. monocytogenes [12] .
Here we present data on the cloning and sequence analysis of a L. ivanovii gene encoding a protein which is functionally analogous to ActA from L. monocytogenes.
Materials and methods

Bacterial strains, plasmids and growth conditions
L. iuanovii ATCC19119 (SLCC 2379) was from the Special Listeria Culture Collection of the Institute of Hygiene and Microbiology of the University of Wiirzburg. Escherichia co/i DHS-alpha and the plasmid vector pTZ18R were purchased from Pharmacia. The shuttle vector pLSV1 has been described by Wuenscher et al. [13] . L. ivanouii was grown in brain heart infusion broth (BHI), and E. coli in Luria-Bertani broth (LB) at 37°C.
Culture and infection of Caco-2 human coloncarcinoma cells (ECACC 86010202)
Cells were cultured in minimal essential medium (MEM, Gibco) with Earle's salts as described elsewhere [12] . Infection with L. ivanovii strains was done essentially as described by Gaillard et al. [14] , modified according to Karunasagar et al. [12] with a multiplicity of infection of 5 bacteria per cell.
2.3, Fluorescence staining of F-a&in and bacteria
This was also performed as described in [12] : F-actin in Listeria-infected Caco-2 cells was stained with 10 U ml -' fluorescein isothiocyanate-labeled phalloidin (Sigma). Bacteria were visualized by indirect immunofluorescence after treatment with serotype 5-specific rabbit antiserum, followed by incubation with a l/40 dilution of goat anti-rabbit rhodamine-conjugated immunoglobulin G (Sigma).
PCR amplification and DNA sequencing
Chromosomal DNA from L. ivanovii was digested with EcoRI or HindIII, respectively, selfligated and used as a template for inverse PCR reactions. The oligonucleotide primers for the first reaction were derived from a previously determined sequence downstream from the listeriolysin gene (unpublished results). The PCR product was bluntend ligated into the vector pTZ18R and the DNA sequence of the insert was determined by the dideoxy chain termination method using a commercial kit (Pharmacia).
In the next inverse PCR, oligonucleotide primers derived from the 3'-end of the newly determined sequence were used. This protocol was repeated several times. The primers used for PCR amplification of the entire actA gene (see Fig. 2 ) were ACT6-2:
TCIl'TCATCAGAGATGCAGTC and ACT7-2: TCITATACAGGCGGAAGAAGTG. The PCR was performed with Tfl DNA polymerase for 30 cycles under the following conditions: 1 min at 93"C, 1 min at 50°C and 2.5 min at 72°C.
Transformation of Listeria ivanovii
Electrotransformation with plasmid DNA was done according to Alexander et al. [15] with the following modifications.
The transformation buffer was SMHEM (272 mM sucrose, 1 mM MgCl, and 2 mM 4-[2-hydroxyethyl-lpiperazin-1-ethansulfonic acid, pH 7.2), transformation was performed at 12.5 kV cm-' with 100 Ohm resistance and a capacitor of 25 pF, using a Biorad Gene-Pulser.
Other techniques
Computer analyses and database searches were done using the University of Wisconsin Genetics Computer Group program package [16] [5] . Using oligonucleotide primers (see Fig. 2 ) derived from the S-and 3'-ends of a combined DNA sequence established for this region from the overlapping fragments, a 3.4 kb chromosomal DNA fragment could be PCR amplified. DNA sequence analysis ( Fig. 1 ) revealed incomplete open reading frames with significant homology (70% amino acid similarity) to the C-and N-termini, respectively, of Mpl and PlcB from L. monocytogenes (ref. in [5] > at the S-and 3'-ends of the 3.4 kb fragment. We did not completely sequence these genes and it is not known if they are functional in L. iuanouii. However, between these and therefore at a position where in L. monocytogenes the actA gene is located, we found a large open reading frame (1021 amino acids). It was preceded by a 14-bp palindromic DNA sequence identical to the 'PrfA-box' typically found in front of Listeria genes which are transcriptionally regulated by the pleiotropic factor PrfA [5, 10] . Starting from a GTG initiation codon (as has also been found for L. monocytogenes ActA; nt 262-264 in Fig. 1 ) the next 29 amino acids of the deduced sequence showed a highly significant 80% similarity to the signal peptide of L. monocytogenes ActA (LmActA) [6, 7] . The adjacent sequence was spanning 992 amino acids, the calculated molecular mass of this presumptive mature polypeptide was 108008 Da. It exhibited only a low overall amino acid sequence homology (46% similarity on average) to LmActA, more homologous regions were found at the C-terminus and in a central proline-rich repeat region (see below). In contrast to LmActA, which contains no cysteine at all, four cysteines were found in the mature LiActA.
To test if this gene was functional analogous to
LmactA we constructed an appropriate insertion mutant. Wild-type L. iuanouii was electrotransformed with a recombinant plasmid encoding the N-terminus of the presumptive ActA protein without the signal peptide, on a EcoRI/HindIII-fragment cloned into the temperature-sensitive shuttle vector pLSV1 [13] (Fig. 2) . Erythromycin-resistant transformants were shifted to the non-permissive temperature (42°C); after several generations at this temperature clones still resistant to erythromycin were selected and tested for correct chromosomal insertion of the recombinant pLSVl-derivative by Southern hybridization (data not shown). Caco-2 cells were infected with the wild-type and the insertion clone, then monitored for actin-tail formation and intracellular migration of the bacteria. Fig. 3 shows that wild-type L. ivanovii induced actin-tail formation and that the bacteria spread well over the entire host cell (panel A). In contrast, the insertion clone induced no actin-tail formation at all and the bacteria formed microcolonies inside the infected cell (panel B). This behaviour is typical of actA-deficient Listeria mutants [6, 7] , thus clearly demonstrating that the gene inactivated by the insertion is functional analogous to LmActA.
Amino acid sequence analysis and comparison to Act4 from L. monocytogenes
The unprocessed ActA protein from L. ivanovii (LiActA, 1021 aa), as deduced from the DNA sequence, is 382 amino acids longer than the L. monocytogenes protein (LmActA, 639 aa). In the case of LmActA it has been shown that a central proline-rich repeat region constitutes a functionally important domain [18] . We therefore treated the N-terminal part, the repeat region and the C-terminal part, respectively, of the two ActA proteins as independent domains and thus created an optimized alignment of the two amino acid sequences, using the program GAP of the UWGCG program package [16] . Fig. 4 shows a schematical representation of this comparison. This analysis indicated that LiActA contains two large and two medium sized insertions which have no counterpart in the L. monocytogenes protein.
For LmActA it has been shown that the C-terminus anchors the protein to the bacterial membrane [7, 19] , the C-terminus of LiActA also has the features of such a membrane anchor, i.e. a stretch of hydrophobit residues (aa 996-1015) followed by a positively charged tail. The other regions show a rather low homology to LmActA, varying between 25 and 45% similarity.
Most interestingly, the central part of LiActA contains a large repeat region (aa 420-700) which is not found in LmActA. This region comprises six repeats of 47 (46 in the case of R3) amino acids each, designated Rl-R6 in Fig. 1 . These re-peats are highly conserved, varying between 71% (Rl compared to R2) and 98% (R3/R4) identity to each other. Fig. 5 shows a consensus sequence for Rl-R6, the amino acids which are not identical in all the repeats show an only limited diversity (see Fig.  1 ). All repeats in LiActA contain the motif -PPTEELAAM-plus three other prolines. As already mentioned, several proline-rich repeats have been found in the central part of LmActA [6, 7] . Proximal and distal from Rl-R6 of LiActA regions of similarity to these LmActA repeats are detectable, as well as some similarity of Rl-R6 to the large LmActA repeat (Fig. 5) . In the case of LmActA the prolinerich repeat region has unequivocally been identified as being essential for the induction of actin-tail formation within infected eukaryotic cells [18] . Our comparison suggests that a remarkable flexibility with respect to the amino acid sequence is compatible with the biological function of this domain.
The large insert close to the N-terminus of LiActA (aa 109-191, see Figs. 1 and 4) is unusual in that it contains 29% of clustered, positively charged amino acids (K + R) in contrast to 10% on the average in the other parts of the protein. No such region is found in LmActA, the possible function of this extra-domain remains totally unknown at present.
Similar to LmActA, the proline-rich region of LiActA has some similarity to vinculin [7] . Data base searches did not reveal any striking homology of the entire LiActA or its positively charged extra-domain to known proteins. However, the region distal from Rl-R6 (aa 715-764, 44% similarity to LmActA)
showed a 30% identity/68% similarity to aa 146-200 of IcsA (VirG) from Shigella j7exneri. This protein has a similar function with respect to host cell actin polymerization (reviewed in [20] ). So far no role could be assigned to the region just mentioned, therefore the significance of this similarity remains unclear. A very limited similarity was found with the eukaryotic actin-binding protein caldesmon from chicken; however, the region of similarity was outside the known actin-binding domain [21] of caldesmon.
It has been shown by others that LmActA becomes phoshorylated in infected host cells. This phosphorylation seems to be necessary for ActA function [22] . LiActA contains eight potential phosphorylation sites (T-D/E/S-E/D-E, underlined in Fig. 1 ) for protein kinase CK2 (formerly casein kinase II) [23] , in contrast to seven such sites in LmActA [24] . Furthermore, there is one potential phosphorylation site (178-RRLS-181) for CAMP-dependent protein kinase [23] located in the (K + R)-rich extra domain; this motif is not found in LmActA. Future work will be aimed at characterizing the actual phosphorylation sites used by host cell kinases.
Conclusions
This is the first example of a virulence gene product in L. ivanouii, the primary structure of which is only distantly related to its L. monocytogenes counterpart, but which is nevertheless functionally analogous. As has already been mentioned, ACT7 -2 t ACT6 -2 Fig. 2 . Construction of the acrA insertion mutant of L. iuanocii. The chromosomal region analysed here is shown schematically, the insertion plasmid consisted of the LiacfA EcoRI/HindIII-fragment downstream from the signal peptide (SP), cloned into the temperaturesensitive shuttle vector pLSV1 [13] . The position of the oligonucleotide primers ACT6-2 and ACT7-2, used for PCR amplification of the entire actA gene, is indicated. P: putative promoter region. Fig. 4 . Schematic representation of the optimized alignment of the deduced amino acid sequences for L. iuanovii ActA (LiActA) and L. monocytogenes ActA (LmActA, [6, 7] ). The alignment was performed with the program GAP of the UWGCG program package [16] , using a gap weight of 8.00 and a gap length weight of 0.20 and was done separately for the N-terminal part, the repeat region and the C-terminal part, respectively (see Results and Discussion). Numbers above the bars show amino acid positions in L. iuanouii ActA, segments not present in L. monocytogenes ActA are represented by rectangles above the central bar. Numbers below the bar indicate percent amino acid sequence similarity and identity (in parentheses), respectively, between the different domains of LiActA and LmActA.
the induction of host cell actin polymerization and tail formation is less efficient with L. ivanouii when compared to L. monocytogenes [12] , and it remains to be elucidated if the differences observed between the two ActAs are responsible for this phenomenon.
The AC&dependent intracellular migration of pathogenic Listeria is regarded as a model for actin-based motility. In a recent review two possible mechanisms for ActA function have been suggested [8] in which ActA either recruits an actin microfilament nucleator or acts as a nucleator itself. If the second model applies, one could expect two functional domains within ActA in addition to the membrane anchor, one of them interacting with profilin, a protein which has a crucial role in cellular actin polymerization.
Profilin has been found associated with List&u-induced actin tails [25] and it is known to bind to polyproline-containing peptides. Furthermore, it has been shown that the proline-rich region of LrnActA is essential for its function [HI. Therefore the proline-rich repeat regions of the two ActAs are the most likely candidates for a profilin-binding domain. Apart from this region and the membrane anchor, the only domains in the mature ActA proteins which are considerably conserved among the two Listeria species, are found right after the signal peptide (aa 47-109 in LiActA), then distal from the proline-rich repeat region (with similarity to IcsA/VirG, see above) and the one just preceeding the membrane anchor (aa 927-995 in LiActA), with a 44-45% similarity, respectively (Fig. 4) . It seems likely that potential actin-binding sites, assuming that there are any, can be found in these regions. Further investigations will help to solve these questions. 
